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ABSTRACT: Two new inhibitors have synthesized where the terminal α-carboxyl groups of Z-Ala-Ala-Phe-COOH and Z-Ala-Pro-Phe-COOH have been replaced by a proton to give Z-Ala-Ala-Phe-H and Z-Ala-Pro-Phe-H respectively. Using these inhibitors we estimate that for α-chymotrypsin and subtilisin Carlsberg the terminal carboxylate group decreases inhibitor binding 3-4 fold while a glyoxal group increases binding by 500-2000 fold. We show that at pH 7.2 the effective molarity of the catalytic hydroxyl group of the active site serine is 41,000-229,000 and 101,000 to159,000 for a-chymotrypsin and subtilisin Carlsberg respectively. It is estimated that oxyanion stabilisation and the increased effective molarity of the catalytic serine hydroxyl group can account for the catalytic efficiency of the reaction. We argue that substrate binding induces the formation of a strong hydrogen bond or low barrier hydrogen bond between histidine-57 and aspartate-102 that increases the pKa of the active site histidine enabling it to be an effective general base catalyst for the formation of the tetrahedral intermediate and increasing the effective molarity of the catalytic hydroxyl group of serine-195. A catalytic mechanism for acyl intermediate formation in the serine proteases is proposed.
The catalytic residues serine-195 and histidine-57 of chymotrypsin were first identified by chemical modification studies {Ong, 1965 #601; Schaffer, 1953 Schoellmann, 1963 #614} . The third residue of the catalytic triad aspartate-102 was identified by X-ray crystallographic studies {Blow, 1969 #1434}. Kinetic experiments using a highly reactive p-nitrophenol substrate showed a rapid release of the p-nitrophenol product stoichiometric with enzyme which was followed by a slow turnover the substrate{Hartley, 1954 #2296}. This provided the first evidence for catalysis proceeding via an acyl intermediate. The minimal kinetic scheme for catalysis involves formation of a Michaelis-Menten complex (ES), an acyl intermediate (ES') and first product (P 1 ), hydrololysis of the acyl intermediate to give the free enzyme (E) and second product (P 2 to quantify the role of hemiketal formation in glyoxal inhibitor binding. This is because in addition to an inhibitor glyoxal group forming a hemiketal with the active site serine hydroxyl group its peptide chain can also bind in the secondary subsites S 1 S 2 S 3 S 4 . In order to estimate how these two processes contribute to inhibitor binding we have studied the binding of two derivatives of the N-protected tripeptides Z-Ala-Ala-Phe-COOH and Z-Ala-Pro-Phe-COOH. The glyoxal derivatives were formed by converting the peptide carboxyl group to a glyoxal group and the Z-Ala-Ala-Phe-H and Z-Ala-Pro-Phe-H derivatives were formed replacing the peptide carboxyl group with a hydrogen atom. This has also allowed us to determine how the C-terminal α-carboxylate group of the N-protected tripeptides contribute to binding.
The mechanistic significance of these results is discussed.
EXPERIMENTAL PROCEDURES
Materials. All materials were obtained from Sigma-Aldrich Chemical Co., Gillingham, Dorset, U.K. 
Inhibition of chymotrypsin and subtilisin Carlsberg by Z-Ala-Ala-Phe-COOH and Z-Ala-Ala-H. The
inhibition of the chymotrypsin catalysed hydrolysis of suc-Phe-pNA or suc-Ala-Ala-Pro-Phe-pNA was studied at 25˚C in 3 ml cuvettes containing 0.1M buffers (pHs 7.1-7.3 (potassium phosphate), 3.2 (sodium formate) and 10.6 (potassium carbonate)) and 3.3% (v/v) dimethylsulphoxide. The initial rate of hydrolysis of suc-Phe-pNA (pHs 7.1-7.3 & pH 10.6) or suc-Ala-Ala-Pro-Phe-pNA (pH 3.2) was followed by the measuring the release of p-nitroaniline (E 410 = 8800 M -1 cm -1 {Erlanger, 1961 #574}) over a 5-15 minute period. The pH in the reaction mixture was determined. Stock solutions of substrate and inhibitor were dissolved in dimethyl sulphoxide. The same procedure was used with subtilisin except that the substrate suc-Ala-Ala-Pro-Phe-pNA was used. 
Results
The role of the α-carboxylate group in peptide binding by α-chymotrypsin and subtilisin Carlsberg. The Replacing the α-carboxyl group of Z-Ala-Ala-Phe-COOH and Z-Ala-Pro-Phe-COOH with a hydrogen atom to give Z-Ala-Ala-Phe-H and Z-Ala-Pro-Phe-H (Structures 1C) led to 3-4 fold tighter binding at pH 7 (Table 1) . Therefore the presence of an α-carboxylate group at pH 7 decreases the effectiveness of peptide binding. This result is expected because for catalytic efficiency we would expect that the enzyme will bind the peptide products of catalyses less effectively than the parent peptide of the substrate.
Therefore when α-chymotrypsin and subtilisin catalyse the hydrolysis of the peptide substrates the αcarboxylate of the peptide product will help promote its disassociation from the enzyme. This shows that the α-carboxylate group does not make a positive contribution to binding in α-chymotrypsin and subtilisin.
Binding of glyoxal inhibitors. In contrast to the results above, when the glyoxal groups of Z-Ala-Ala-Phe-COCHO or Z-Ala-Pro-Phe-COCHO (Structures 1A) were replaced by a hydrogen atom to give Z-Ala-Ala-Phe-H and Z-Ala-Pro-Phe-H respectively (Structures 1C), the K i values of the inhbitors were ~3 orders of magnitude larger than those of the corresponding glyoxal inhibitor (Table 1) 
K HK(obs) = (K s (1+K H1(obs) )-K i(obs) ) / K i(obs)
The hydration constant (K H1(obs) ) of the keto carbon of the glyoxal group of Z-Ala-Ala-Phe-COCHO was estimated by quantitative 13 C-NMR to be 1.58 ± 0.05. It was assumed that the K i(obs) value for Z-Ala-Ala-Phe-H was a good approximation for K s , the disassociation constant for the non-covalent enzyme-glyoxal inhibitor complex (EG) in Scheme 1.
Therefore using the values of K i(obs) for Z-Ala-Ala-Phe-COCHO and Z-Ala-Ala-Phe-H respectively ( Table 2) we calculated the K HK(obs) values for the glyoxal inhibitors (Table 2) . For chymotrypsin and subtilisin the K HK(obs) values were 1170 and 2870 respectively for ZAAF-COCHO at pH 7 ( Table 2) .
The hydration constant (K H1(obs) ) of the keto carbon of the glyoxal group of Z-Ala-Pro-Phe-COCHO is 1.28 ±0 .05 {Spink, 2007 #1997}. Therefore we could estimate K HK(obs) for Z-Ala-Pro-Phe-COCHO inhibiting both chymotrypsin and subtilisin. In this case even larger values of K HK(obs) were obtained for chymotrypsin and subtilisin Carlsberg (Table 2) . However, the hydration constant (K H1(obs) ) is not a true thermodynamic constant and must be divided by the water concentration to a give the correct thermodynamic association constant (K H1 ). For the hydrates of Z-Ala-Pro-Phe-COCHO and Z-Ala-Ala-Phe-COCHO the values of K H1 were 0.0230 M -1 and 0.0284 M -1 respectively ( Table 2) . (Table 2) .
With Z-Ala-Pro-Phe-COCHO at pH 7.2 the effective concentration of the active site serine hydroxyl group relative to a water hydroxyl group is larger at 229,000 M for chymotrypsin and 159,000 for subtilisin Carlsberg. These correspond to stabilisations of 30.6 kJ/Mole and 29.7 kJ/Mole for Z-Ala-Pro-Phe-COCHO with chymotrypsin and subtilisin Carlsberg respectively (Table 2) . For subtlisin BPN the effective concentration of the active site serine hydroxyl group is ~20 times lower than in Subtilisin Carlsberg ( Table 2) .
The effect of pH on hemiketal formation. From pH 7.2 to pH 3.2 there is a ~17 fold decrease in binding of Z-Ala-Pro-Phe-COCHO and a similar ~5 fold decrease in binding of Z-Ala-Pro-Phe-H ( (Table 2) .
It has been determined that the rate of hydrolysis of a peptide bond in water at 25˚C and pH 7 is 3
x 10 -9 s -1 {Kahne, 1988 #951}. In the enzyme catalysed reaction the greater effective molarity of the serine hydroxyl group should increase this rate by at least 100,000 to a value of 3 x 10 -5 s -1 . This rate is still considerably slower than the k cat values usually observed with chymotrypsin and similar substrates such as Ac-Ala-Pro-Phe-NH 2 {Bauer, 1976 #1938} where k cat is 2.3 s -1 at pH 8. Therefore k cat would be expected to be ~1 s -1 at pH 7 as k cat depends on a pK a of ~7.
However, we have also shown that in chymotrypsin {Djurdjevic-Pahl, 2002 #922; Spink, 2007 #1991} and subtilisin {Djurdjevic-Pahl, 2005 Howe, 2009 #2063} the pKa for oxyanion formation by the glyoxal hemiketal is reduced by ~5 pK a units. If the catalytic rate is directly proportional to the amount of oxyanion formed then this would increase the catalytic rate from 3 x 10 -5 s -1 to a value of 3 s -1 .
This is very similar to the expected value of ~1 s -1 . It is clear that this large decrease in pK a cannot be attributed to better binding of the oxyanion but must reflect destabilisation of its conjugate acid.
DISCUSSION
We have shown that the binding glyoxal inhibitors to chymotrypsin {Spink, 2007 #1991} and subtilisin {Howe, 2009 #2063} raises the pK a of the active site histidine to a value > 11. This led to the suggestion {Howe, 2009 #2063;Spink, 2007 #1991} that this increase in pK a would allow the positively charged imidazolium ring of the active site histidine to lower the hemiketal oxyanion pK a and also lower the pK a of the active site serine hydroxyl increasing its nucleophilicity. The hydroxide ion is solvated in water and so not very reactive {Cox, 2011 #2239}. However in non-aqueous solvents its reactivity may be increased by as much as 14 orders of magnitude {Dolman, 1967 #2240}. Therefore in the enzyme- However, subsequent studies contradict this as they claim to show that aspartate-102 has a low pK a of 1.5 or less which they propose is compatable with the reaction driven ring flip mechanism but not mechanisms which require a strong hydrogen bond between His-57 and Asp-102 {Everill, 2012 #2294}. , 1998 #1450} and also by deuterium{Cassidy, 2000 #1939} and tritium{Westler, 2002 #2298} isotope shifts in peptidyl trifluoromethyl ketone complexes of chymotrypsin. Therefore a chemical shift of 16-18 ppm for the Nδ1 of histidine-57 shows that histidine-57 is fully protonated and confirms that a strong hydrogen bond exists between aspartate-102 and Nδ1 of histidine-57.
We have shown that in glyoxal inhibitor complexes proton signals at 18.7 and 17.4 ppm can be observed at pHs 3.5 and 10.9 respectively, showing that the pK a of the active site histidine has been raised to a value >11 (Scheme 4) on binding the glyoxal inhibitor {Howe, 2009 #2063;Spink, 2007 #1991}. The fact that the signal at 18.7 ppm is present at low pH when the oxyanion is present as its conjugate acid shows that the increase in pK a must be due to the interaction of aspatate-102 with histidine-57 and not with the oxyanion. However, it has been argued that because aspartate-102 has a low pK a a strong hydrogen bond cannot exist between histidine-57 and aspartate-102 {Everill, 2012 #2294}. However, as a strong hydrogen bond is formed between the negatively charged carboxylate group and the Nδ1 proton of the positively charged histidine then it will be difficult to protonate the aspartate as this will result in disruption of the low barrier hydrogen bond. Consequently the aspartate is expected to have a low pK a <1.5 (Scheme 4) as recently reported {Everill, 2012 #2294}. Therefore when inhibitors or substrates are bound to chymotrypsin the zwitterionic species (Structure B in Scheme 4) is the predominant species formed from pH 1.5-11.The strong hydrogen bond between the aspartate and the histidine shows that reaction driven ring flip mechanism is not possible. The fact that the low barrier hydrogen bond is present even when the oxyanion has been protonated suggests that the binding of inhibitors and substrates must increase the pK a of histine-57. This, as our work shows, can increase the effective molarity of the active site hydroxyl group by more than 5 orders of magnitude (Table 2 ). The catalytic serine is expected to have a pK a of ~15 and so the increase in pK a of the active site histidine will allow it to enhance the nucleophilicity of the serine hydroxyl group so that it can react at the substrate peptide carbonyl to form a {Finucane, 1992 #809} and or by the induction of steric compression between histidine-57 and aspartate-102 {Lin, 1998 #1452}. Therefore on substrate binding water is excluded from the active site and the pK a of the histidine is raised allowing it to abstract the proton from the serine hydroxyl which then reacts with the peptide carbonyl of the substrate to form a tetrahedral intermediate ( 
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